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Abstract

A velocity field, even onethat representsa steadystateflow, implies a
dynamicalsystem.Animatedvelocity fields is an importanttool in un-
derstandingsuchcomplex phenomena.This paperlooksat a numberof
techniquesthatanimatevelocityfieldsandproposetwo new alternatives.
Thesearetextureadvectionandstreamlinecycling. Thecommontheme
amongthesetechniquesis theuseof advectionon sometexture to gen-
eratea realistic animationof the velocity field. Texture synthesisand
selectionfor thesemethodsarepresented.Strengthsandweaknessesof
thetechniquesarealsodiscussedin conjunctionswith severalexamples.
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1 INTRODUCTION

Animationbestcapturesthedynamicalpropertiesof velocity fields.We
are remindedonceagainin the recentpapersof Stam[7] andWitting
[11], wherebothpapersuseanimationto show thecomplex natureof a
flow field. In thesepapers,theauthorseffectively usedtextureadvection
asthe primary mechanismto depictthe resultsof their flow simulation
therebyachieving effectssuchasswirling andmixing of fluids. While
thesepapersmay have met their goalsfor aestheticvisual effects, the
basictechniquerequiresmodificationsto make it suitablefor scientific
visualizationpurposes.Specifically, how doesonehandletextureadvec-
tion beyondtheboundsof theflow field?Likewise,how doesonehandle
textureadvectionfor critical pointssuchassourcesandsinks,etc.in the
flow field?

Thispaperreviewsseveralexistingtechniquesfor animatingvelocity
field from the scientific visualizationcommunity(Section2). We then
proposetwo alternative methods(Sections3 and4) that draw uponthe
strengthsof existingmethodsto providerealisticdepictionsof thebehav-
ior of thevelocity field.

2 RELATED WORK

Thereareseveral excellentwork on the useof animationto aid in the
understandingof flow fields.Wereview anumberof approacheshere.

Hin andPost[3] usedparticlemotionanimationto depicta turbulent
flow field.Theflow field is decomposedinto aconvectiveandaturbulent
component.During eachstepof the animation,the pathof a particleis
stochasticallyperturbedto producea realisticturbulentflow effect.

Severalanimationtechniquesuseeithercolor tableanimationor cy-
cling of texturemaps.VanGelderandWilhelms[2] usedcolor tablean-
imation to animatestreamlinesin a 3D flow field. Streamlinesareren-
deredopaquelyusing z-buffer while coloreddots “move” along each
streamlinecreatingtheillusion of motion.YamromandMartin [12] used
a variationof this approachby first renderinga 3D flow field ashedge-
hogs.Then a seriesof 16 1D cycling texture patternof varying alpha
valuesis usedto animatethe hedgehogs.No particleintegrationstepis
requiredin their method.JobardandLefer [4] introducedthe ideaof a
motionmapthatstoresthepathandvelocitymagnitudeof streamlinesin



a steadyflow field. For animation,they createa sequenceof color table
indicesfor eachstreamline.Animation is carriedout eitherby thetradi-
tionalcolor tableanimationor by cycling of thetextures,wherethecolor
indexesareshifted.For textures,highfrequency randomtexturesaregen-
eratedandusedonstreamlinesproducingeffectssimilar to animatedline
integral convolution (LIC) techniques.

LIC is anotherpopularmethodfor visualizingflow fields.Oneof the
enhancementsis animatedLIC to betterpresentthe dynamicnatureof
flow fields. Again, a numberof work in this areais summarizedhere.
Wegenkittl et al. [10] describedorientedLIC (OLIC), a sparserLIC ver-
sion whereorientationanddirectionof the flow field areencodedwith
a ramplike convolution kernel.Two differentapproachesfor animating
OLIC weresuggested:(a) phaseshift of convolution kernelin consecu-
tive framesand(b) color tableanimation.

Anotherapproachwith similar effect is with animatedspotnoise[8]
wherespotsareplacedrandomlyin a 2D flow field andassigneda ran-
dom phase.During animation,they appearto glow, move a short dis-
tance,then fade.In order to handlevariablespeedanimation,Forssell
andCohen[1] proposedthat a differentconvolution kernel is usedfor
eachpixel. Specifically, theconvolution kernelhasa phaseshift propor-
tional to thecorrespondinggrid cell’sphysicalvelocitymagnitude.Shen
andKao [6] extendedanimatedLIC to UnsteadyFlow LIC (UFLIC), a
time-accuratemethodcapturingunsteadyflow fields.Anothervariation
is with Pseudo-LIC(PLIC) [9] whereLIC-lik e imagesaregeneratedus-
ing texturedstreamlines.Variablespeedanimationis achievedbyvarying
thecycling frequency of textures.

Thepredominantideaof animatingflow fieldsseemto beeitherwith
colortableanimationor textureanimation.In fact,oneof theearlierwork
is by Max etal. [5] where3D texturescoordinateswereadvectedin acli-
matesimulationmodel.Two 3D textureswere linearly combinedover
time andthenpassedthrougha transparency filter sothat texturedistor-
tionsandoverlappingtextureswereminimized.

Thework presentedin this paperextendsanimationof flow fieldsin
two ways.First,weexaminethetextureadvectionapproachusedby Max
andmodify it to bettersupportboundaryconditionsandcritical pointsin
the flow. Second,we look at the texturecycling alonga streamlineand
show how a continuousanimationof a steadyflow canbeachievedwith
afinite numberof integrationsteps.



3 TEXTURE ADVECTION

The ideabehindthis approachis to modify the texture imagesuchthat
it appearsto get distortedby someunderlyingflow field. This is best
carriedout by advecting the texture coordinatesof the image.That is,
eachtexel is treatedasa particleand integratedbackwardsin time for
somenumberof integrationstepsL. Backwardintegrationis usedinstead
of forwardintegration.For eachtexel, we calculatewhich texel(s)along
a streamlinecontributedto it. As time progresses,texelscontributing to
a particulartexel would have comefrom a fartherdistance(integration
step)away. By incrementallyincreasingL andsaving theoutputimage
at eachtime step,we cangenerateananimatedflow field showing how
theinput textureimageis distortedby theflow field.

3.1 Boundary Conditions

Although the methodabove seemseasyand straightforward, a couple
of issuesariseswhenthe integrationreachesthe boundaryor a critical
point.Wewill discusstheboundarycasesituationfirst. Sincetheparticle
is advectedbackward in time, dependingon the original seedlocation
and the flow direction, it is most likely that after sometime period,a
particlewill reachthe grid boundary. This promptsthe question:what
texel valuedo we assignwhen a particle reachesa boundary?A sim-
ple andnaivesolutionwouldbeto terminatetheparticleat theboundary
andusethe color of the texel at the boundarywherethe particletermi-
nated.We referto this approachastheconstantcolor boundarymethod.
The outcomeof this strategy will be that after sometime frames,the
boundarycolor is propagatedinto the image.Sincethe boundarycolor
is constant,we will seea correspondingconstantcolor streakscoming
from theboundariesof theimage(SeeFigure1, particularlytheregions
nearthe upperleft andlower right). Eventually, the imagewill consist
of many constanttexture color regions.While this may be undesirable
for mostsituations,it doeshave somevisualizationvalue.Specifically,
it identifiesregionsin theflow thatarenot affectedby theboundariesat
all andtheregionsof flows thatbecometime-invariant.To avoid “freez-
ing” theimagewith constanttextureregions,theseboundarytexelsmust
somehow bechangedor madedependenton integrationtime.

Wenow considertheperiodicboundarycondition.If theinputtexture
is periodic,thenwe displacethe particlewhenit reachesthe boundary



Fig. 1. Effectof usingconstantcolorsonceintegrationstepreachestheboundary. Noticehow the
colorsat theboundariesgetstreakedout over theimage.

Fig. 2. Effect of usingperiodicboundaryconditions.Similar problemasconstantboundarycon-
ditionsbut new patternsseemto feedin from theboundariesalthoughthey arenotverycoherent.



Fig. 3. Effect of usinga 3D checkerboardtexturepattern.Coherentcheckerboardpatternappear
to feedin from theboundariesinto theimage.

Fig. 4. A LIC imagethatdepictsthedynamicvorticesflow field usedin thepreviousfigures.



i.e. if ����� then ���
	
���� � andif �������� � then ����	����� � .
Thischeckis alsoperformedfor the � coordinate.Assumethattheinput
texture is periodic, imposingperiodic boundarymight, at first glance,
appearto solve the problem.However, this aloneis not sufficient. The
problemreally is that oncea particlegoesoutsidethe boundaryof the
flow, there’s no informationavailablefor carryingout the backward in-
tegration.Hence,it would alwaysbedrawing from thesametexel value.
Figure2 shows the effectsof imposinga periodicboundarycondition.
To combatthis problem,thefollowing approachis used.A procedurally
defined3D textureis usedsuchthatwhenaparticleexits theboundaryof
theflow, integrationis stopped.Whenananimationcalls for time steps
beyond this point, texels valuesalong the depthof the 3D texturesare
used.Thedepthis determineby thenumberof time stepsleft whenthe
particlereachestheboundary. The color of the texture to useis a func-
tion of this depthvalue.By guaranteeingthat theboundarytexturesare
differentasonegoesthroughthedepthof the3D texture,adynamiccon-
tinuousfeedeffect is achieved.Figure3 illustratesthis approachwhen
a 3D checkerboardtexturepatternis used.Notethatadjustingthescales
andfrequency of thecheckerboardalongthedepthof the3D textureaf-
fectsthequalityof theresultinganimation.

3.2 Critical Points

The problemof what texture patternto feedinto the imagealsooccurs
whena particlereachesa critical point that is sourceor repellingspiral
i.e. wheretheflow emanatesfrom thecritical point. Using thestandard
advectionof texturecoordinateswith constantcolor boundarycondition
will produceanimagelikeFigure5. Whatis happeninghereis thatparti-
clesaroundtheregionof influenceof thesourcearebackwardintegrated
into thesamepoint – thesourcecritical point. So,whatever texel value
happento beat thatpoint getspropagatedout throughthesourceregion.
A morerealisticeffectwouldhavebeento seenew texturepatternsflow-
ing out of the sourcepoint. Again, we usethe 3D texture approachso
thatif weendupat thesamelocationduringabackwardintegrationstep,
(i.e. at a sourceor repellingspiral), the texel valueassignedis the next
onein depth.This is illustratedin Figure6.

This texture advectionis imagebased,andthe particleadvectionis
performedfor eachtexel. Basically, thereis a oneto onemappingof the



output imageandthe input image.For eachtexel in the output image,
thereis a correspondingtexel in theinput image.

Thecomputationaltime of this approachgrows linearly asthenum-
berof time stepsincreases.During theinitial time step,no integrationis
performedto show the initial input image.At the secondtime step,the
texelsareadvectedto thenext time step.Hence,at time n, theparticles
wouldneedto beadvectedby n timesteps.However, it is easyto improve
thecomputationaltime by saving thecurrentpositionsof theparticlesat
the currenttime stepand thencontinuethe advection to the next time
step.

This approachdoesnot requirelarge memoryoverheadbecausethe
integrationareperformedtexel by texel. Theonly informationsavedare
theresultingoutputimageobtainedfrom theparticleintegration.

Fig. 5. Texel valueat thecritical sourcepoint (lower right) is replicatedover time.Eventuallythe
region of influenceof thesourcepointbecomeshomogeneouslywhite.

4 STREAMLINE CYCLING

As pointedout,a weaknessof thetextureadvectionapproach,evenwith
the 3D texturesfor feedingnew texturesat boundariesandsourceand
repellingspiral critical points,is the lack of coherency of new textures.
Anotherpotentialdrawbackis thesensitivity of thevisualeffectto the3D



Fig. 6. Effect of usinga 3D checkerboardtexture pattern.New patternsseemto continuously
appearfrom thesource.

Fig. 7. A LIC imagethatdepictsthesourceandsinkcritical pointsin theflow whichwasusedas
asinput for theprevioustwo figures.



textureused.That is, differenttexturescanpotentiallyproducedifferent
visual effects even on the sameflow field. This sectiondiscussesan-
otherflow field animationapproach.Thisapproachwasmotivatedby the
questionof how to feedtexturesinto theimagewhenaparticlereachesa
boundaryor asourceor repellingspiralcritical point. Insteadof creating
new textures,why not reusetheexisting texturesin thestreamline?The
basicideais to first intersectstreamlineswith theunderlyingtexture in
theimage,thosetexturesarethencycledfor eachstreamline.Becausethe
texture features(e.g.a region of thetexturesuchasa partof a checker-
boardtexture)spanmany streamlines,themovementof the texturesare
veryprominent.Usingthisapproach,flow aboutthesourceandsinkcrit-
ical pointsareclearlydepicted.

Hereis how thealgorithmworks.For eachtexel, theparticleis inte-
gratedforwardandbackwardin time.Theparticleis terminatedwhenit
(a) reachestheboundary, (b) reachesa sourceor repellingspiralcritical
point,or (c) hasexceededthemaximumintegrationstepsallowed.While
the particle is being integratedalong the flow field, the color intensity
(RGB) of thetexel that it traversedthroughis saved.For animation,the
savedcolor intensitiesalongthestreamlineis cycledby a fixedamount
in eachtime step,thusproducingananimatedimage.This is illustrated
in Figures8 and9 usingdifferenttexture images.For simplicity, if the
streamlinehasA, B, C,D, andE colorintensitiesandweshift thestream-
line by oneposition eachtime, then we will get B, C, D, E, A in the
secondtimestepandC, D, E, A, B in thethird timestep,andsoon.The
streamlineintegrationandshiftingareperformedin texel space.Wesave
the morphedimagefrom eachtime stepto a file andthenplaybackthe
savedimagesfor animation.

Fig. 8. A sequenceof time steps(at time steps5, 10 and30) from usingstreamlinecycling. The
flow aboutthesourceis clearlyshown.



In our implementation,we seedthestreamlinesevery other3 texels.
Furthermore,theseedsarejittered to avoid artifactsfrom uniform sam-
pling. We found this seeddensitytendsto give usnearfull coverageof
theimage.For eachstreamline,thetexel positions(i,j) andthetexel color
(R,G,B)valuesarestored.Themaximumlengthof thestreamlineis setto
1,000.For thetestdatathatweused,only asmallfractionof thestream-
linesreachthismaximum.Hence,themaximumstoragerequirementper
streamline is 1,000*(4+3)=7KB, where(i,j) is 2 shortsand(R,G,B)is 3
bytes.For a 400x400imagewhich hasseedingat everyother3 texels,it
would requireapproximately133x133x7KB,or 123.8MB.Notethatthis
is thesizeof theentireanimationaswell becausewe just needto cycle
throughthetexturefor eachstreamlineto do theanimation.

Fig. 9. Streamlinecycling usingthesamesequenceof time steps(at time step5, 10 and30) as
Figure8 but usingadifferentinput image.Thetextureimageis thatof galaxies.Arbitrary texture
imagesmaybeused.

In this approachwe did not deal with the situationwhen multiple
streamlinestraversethroughthe sametexel. The main reasonwhy this
situationis not consideredis dueto the extra memoryrequirementthat
is needfor normalization– store the sum of the texel color from the
streamlinesthatpassthroughandthecountof thenumberof streamlines
thatpassthrougheachtexel. Furthermore,additionalcomputationis re-
quiredto averagethetexel colors.A relatedconsequenceis thatbecause
streamlinesarecalculatedindependently, texturesbeingcycledon each
streamlinemaynot look coherentparticularlywhencomingoutof acrit-
ical sourcepoint.This is anareafor furtherimprovement.

Thereare several advantagesto the streamlinetexture cycling ap-
proach.Onenicefeatureis that it is prettymuchautomated,i.e. theuser
doesnot needto specifyany parametersbesidesthe input flow field, an
input image,andthenumberof time steps.Basedon theseinformation,



the programproducesan animationthat morphsthe input imageover
time to depicttheflow field. Anotheradvantageis thatunlike thetexture
advectionapproach,integrationdoesnot continueindefinitely with the
animationtime. Becausewe arecycling thetextureson thestreamlines,
thelongestintegrationrequiredwouldbethatof thelongeststreamlinein
theflow field. Finally, anotheradvantageis thatarbitrarytextureimages
maybeused.(Thevideoillustratesthis methodwith acheckerboardand
agalaxyimageastextures).Whenspeciallydesignedtexturesareusedas
in [4,9], animatedLIC-lik e imagescanbeproduced.Likewise,thesame
techniquecanbeusedto produceanimationssimilar to animateddroplets
(streamlets)whereink dropletsaresmearedto revealflow orientationand
animatedto show the flow direction.The dropletsareapproximatedby
smalldiskswith varyingintensities.Animationof thesedropletsis done
by eitherphaseshifting of theconvolution kernelin consecutive frames
or by color table animation.The sameeffect can be easily simulated
usingstreamlinecycling. The key is to startwith an input texture that
consistsof scattereddroplets.By cycling throughthetexturealongeach
streamline,thedropletsget smearedandorientedproperlyandmove in
the directionof the flow whenanimated.Figure10 illustrateshow this
approachworks.

We foundthestreamlinecycling approachto bemostappropriatefor
depictingthe flow aboutthe sourceandsink critical points in the flow
field. Theresultinganimationgivesa striking appearanceof the texture
beenswallowed nearthe sink critical point andthe burstingof texture
from thesourcecritical points.Thisdynamicdepictionof theflow is not
possiblewith any staticflow depictionincluding thosegeneratedfrom
theLIC algorithm.

5 SUMMARY

We have presentedhow two easyto implementanduseflow field an-
imation techniquescanbe modified to becomeuseful for scientificvi-
sualizationapplications.In particular, the methodspresentedprovided
mechanismsfor feedingnew texturesinto theanimationbothatboundary
regionsaswell ascritical pointssuchassourcesandrepellingspiralsin
the flow field. Conventionalparticletraceanimationtechniquesusually
segmenttheparticletracesinto fragmentsandthenmove the fragments



Fig. 10. Animateddropletscanbeachievedusingthestreamlinecycling approachtogetherwith
aninitial texture imageof randomspots.This sequenceshows several four framesfrom thedata
setusedin Figures1 to Figure4.

alongtheparticlepath.Our techniquesdiffer from theconventionaltech-
niquesin that we morphthe given texture imageto help reveal the dy-
namicsin theflow andweproposesolutionsonhow to feedtexturesfrom
the flow boundariesandthe critical points.Therearestill several areas
for improvements.Oneareais to extendour approachfor 3D velocity
flow fields. This would involve usinga 3D input texture patternand it
would bebestgeneratedprocedurally. Currently, our 3D texturebound-
ary approachonly generatecheckerboardlike patternsfor feedinginto
theflow field. Wealsoplanto includeothertexturepatterns.
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